To estimate their heritable component of risk for Schistosoma haematobium infection intensity and disease, we performed a community-based family study among an endemic population in coastal Kenya. Demography and family linkages were defined by house-to-house interviews, and infection prevalence and disease severity were assessed by standard parasitologic testing and by ultrasound. The total population was 4,408 among 912 households, with 241 identified pedigree-household groups. Although age-and sex-adjusted risk for greater infection intensity was clustered within households (odds ratio ‫ס‬ 2.7), analysis of extended pedigree-household groups indicated a relatively low heritability score for this trait (h 2 ‫ס‬ 0.199), particularly after adjustment for common household exposure effects (adjusted h 2 ‫ס‬ 0.086). Statistical evidence was slightly stronger (h 2 ‫ס‬ 0.353) for familial clustering of bladder morbidity, with an adjusted h 2 ‫ס‬ 0.142 after accounting for household exposure factors. We conclude that among long-established populations of coastal Kenya, heritable variation in host susceptibility is low, and likely plays a minimal role in determining individual risk for infection or disease.
INTRODUCTION
Schistosomiasis remains one of the most prevalent infectious diseases in the world. 1 Wherever competent intermediate-host snails are found, trematode parasites of the species Schistosoma haematobium, S. mansoni, or S. japonicum can be transmitted to susceptible humans during contact with fresh water. 2 Prevalence is high in less-developed countries, where the local population must seek their water for cooking, drinking, washing, and bathing at schistosomiasis transmission sites. 3 It is possible to treat and cure schistosomiasis, yet reinfection is frequent (∼15−20% per patient-year) and recurring parasite exposure is common. Typical disease manifestations of longstanding infection include anemia, malnutrition, and, depending on the infecting schistosome species, liver, intestinal, kidney and/or bladder disease. 4−6 These disease outcomes are a consequence both of the current intensity of infection (i.e., worm and egg load), and of the aggregate tissue damage resulting from years of persistent infection.
Population-based schistosomiasis control programs are expensive, and substantial efforts have been put into identifying subpopulations who are at particular risk for recurrent heavy infection and for infection-associated disease. Recent segregation and gene mapping studies in Brazil and Senegal have linked human susceptibility to S. mansoni infection (and to higher-intensity infection) with a locus on chromosome 5 (5q31−q33) dubbed Sm1. 7−10 Further studies in Sudan have identified a separate locus, Sm2 at chromosome 6q22−q23, that is associated with risk for severe S. mansoni-related liver fibrosis within a selected Sudanese population. 11 Identification of these loci, which have each been linked to specific components of anti-parasite immune response, 11, 12 provides hope of defining individuals who are at particular risk for schistosomiasis-associated disease.
Heritable risk for S. mansoni infection intensity has also been suggested by recent population-based family studies in Brazil, which have indicated that 20−44% of the variance in their infection levels appears related to heritable effects. 13, 14 In addition, population-based studies of intestinal helminthic infections (Ascaris lumbricoides [roundworm], Trichuris trichiura [whipworm], and hookworm) suggest a moderate but significant heritable component to risk for these other worm infections. 13,15−17 With this in mind, we undertook the present study to estimate the influence of hereditary factors in determining risk for infection and urinary tract disease caused by the parasite S. haematobium in a high transmission area of coastal Kenya.
POPULATIONS, MATERIALS, AND METHODS

Location.
This study was performed in the five villages of Marigiza, Milalani, Mabatani, Nganja, and Vindungeni, situated in the Msambweni area of Kwale District in Coast Province, Kenya. This area, which is highly endemic for S. haematobium, is centered 50 km southwest of Mombasa on the coastal plain adjoining the Indian Ocean. The area is rural and mixed agriculture and fishing are the leading occupations. Four of the five villages had previously participated in studies of school-based control of S. haematobium during 1983-1992. 18 However, at the time of the present survey (2000) (2001) , there had been no organized treatment of eight years, and the age profile of infection prevalence and intensity had reverted to precontrol levels. The population of the study villages were predominantly (> 95%) Wadigo, a distinct Bantu ethnic group having their own language. Digo peoples have resided on the coast of Kenya and Tanzania for more than four centuries. By oral tradition, the Wadigo migrated to coastal Kenya from areas north of the Tana River in Kenya and Somalia, 19 where urinary schistosomiasis is also endemic.
Study population. For this study, pedigrees were constructed using family information obtained by household interviews. Parent and grandparent identity were recorded for all individuals, with the total community population census (year 2000) determined to be 4,408. The 4,408 residents included 2,270 females and 2,132 males living in 912 households. These individuals had an age range of 0−100 years, with a mean age of 23.8 years. For the target study population greater than two years of age, infection status and infection intensity were determined by duplicate determination of S. haematobium egg counts per 10 mL of urine in midday voided urines, using a standard Nuclepore (Pleasanton, CA) filtration technique. 20 Prevalence of morbidity was determined by urine dipstick for hematuria, 21 and by portable ultrasound examination for bladder thickening and inflammation and for renal outflow obstruction. 22, 23 Complete evaluation was obtained for 3,178 residents, or 76% of the targeted population. Participation of adult women 20−64 years old was 80%, significantly higher than that of adult men (62%), who were frequently absent from the area in pursuit of their employment.
Statistical analysis. The pedigree database was developed and relationship statistics (phi) were calculated using the PEDSYS program version 2.0 (Department of Genetics, Southwest Foundation for Biomedical Research, San Antonio TX). 24 Univariate statistics and preliminary correlation analysis were performed using SAS statistical software version 8.02 (SAS Institute, Cary NC). Because of the skewed distribution of infection intensities (egg counts), individual infection levels were assessed after log-transformation as log ([egg count/10 mL] + 1). Extended analysis of the contribution of genetic versus environmental factors toward the variation in outcomes was performed by variance decomposition modeling analysis using SOLAR software version 1.7.4 (Southwest Foundation for Biomedical Research). 25 This program allows partitioning of trait variance into separate components based on 1) inheritance (trait heritability [h 2 ]), 2) shared environmental factors related to household (c 2 ), and 3) random environmental effects, while allowing adjustment for significant covariates (e.g., age and sex). 17, 25, 26 Chisquare testing based on likelihood ratios was used to compare nested models and test for significance of the observed genetic and environmental effects.
Ethical oversight. This study was performed according to the guidelines of the Declaration of Helsinki under a research protocol approved by the Ethical Review Board of the Kenya Medical Research Institute (KEMRI), and by the Institutional Review Board for Human Investigation of University Hospitals of Cleveland. All adult participants provided individual informed consent, and consent was obtained from parents or legal guardians of each child participating in the study.
RESULTS
Population prevalence of infection and morbidity traits.
The age-prevalence and age-intensity profile of S. haematobium infection among the study population are shown in Figure 1 . As is typical for areas that are endemic for urinary schistosomiasis, 27 there was an observed increase in infection prevalence and intensity up to the age of ∼15 years, above which both prevalence and intensity decreased to lower levels. The observed peak prevalence was 78% with a geometric mean ± SD egg count of 43.6 ± 12.2 in the 10−14-year-old age group. In contrast, prevalence and mean intensity were significantly lower (25% and 2 ± 1, respectively) for groups more than 25 years old. Overall, 46% of the population were passing S. haematobium eggs, with 8.6% having heavy infections (Ն 400 eggs/10 mL of urine). Fifty-one percent had hematuria detected by dipstick examination, while on ultrasound examination, 14% had significant bladder abnormalities (either wall irregularity, thickening, or polyp formation), and 1.2% had moderate-to-severe hydronephrosis by World Health Organization criteria. The age distribution of these morbidity traits is shown in Figure 2 . Of note, the prevalence of both heavy infection and bladder abnormalities mirror the age-prevalence profile for infection, whereas the profile of moderateto-severe hydronephrosis demonstrated distinct early (5−24 years old) and late (Ն 45 years old) peaks of prevalence.
Analysis of variance and logistic regression analysis indicated that across all age groups males had significantly heavier mean infection levels and greater odds of having morbidity (heavy infection, hydronephrosis, or bladder abnormalities) Age profile for the prevalence of different traits related to Schistosoma haematobium infection within the study population. A, Heavy S. haematobium infection (Ն 400 eggs per 10 mL of urine); B, moderate-severe hydronephrosis; C, Bladder abnormality (significant thickening irregularity, and/ or polyp formation, as defined by World Health Organization guidelines). 22 than did females. For this reason, subsequent models of heredity and household effects were all adjusted for age group and for sex to avoid confounding. There was no significant age-sex interaction observed.
Family and household correlations. As indicated in Table 1 , there were 23,412 informative kinship pairings within the study population. Preliminary analyses of the role of kinship versus household effects are shown in Tables 2 and 3 . Initial examination of unadjusted infection intensity and prevalence of bladder disease (Table 2 ) suggested a significantly greater correlation between first-degree relations than between genetically unrelated members of the same household. It also suggested that first-degree relations not sharing a household had a greater correlation of disease status than second-, third-, and fourth-degree relations not sharing living quarters. However, significant variation was possible in the age and sex composition of the different categories of kinship pairs. When disease status was adjusted for the age interval and sex of each partner of the kindred pairings (as shown for infection intensity in Table 3 ), the observed adjusted household effect appeared to be substantially stronger than the kinship effect. In this analysis, related pairs have a greater correlation in terms of adjusted infection intensity than did unrelated pairs, but there appeared to be little difference between the level of correlation for first-, second-, third-, and fourth-degree relations within the same household. For an effect based on the degree of gene-sharing between pair-mates, a stepwise decrease in correlation would be expected among first-, second-, third-, and fourth-degree pairs, 17 and this was not seen.
Variance components analysis. To better define the relative contributions of household effects versus hereditary factors in the observed population differences in infection and morbidity outcomes, we performed a variance component modeling analysis. General models partitioning the variance in outcomes between estimated polygenic hereditary effects (h 2 ), shared household effects (c 2 ), and residual random or error effects (e 2 ) were compared with nested models containing either hereditary, household, or random environmental effects alone.
The optimal estimates for hereditary, household, and random effects with respect to age/sex-adjusted risk for infection intensity, renal disease, and bladder disease are shown in Table 4 . Of note, the general models, which allow for both genetic and shared household effects, estimated the contribution of heritable effects of risk for infection intensity at 9%, for renal disease at 0%, and for bladder disease at 14%. The number of related subject pairs concordant for renal disease was low (n ‫ס‬ 6), leading to unstable estimates of heritability for this trait. For infection intensity, the general (saturated) model incorporating genetic, household, and random effects gave significantly better fit to the data than models including only genetic/random or household/random effects alone (P ‫ס‬ 0.00015 and 0.0174, respectively). For bladder disease, the general and genetic/random models were not significantly different, indicating the best estimate of heritable effect (h 2 ) for this outcome may be as high as 35%, as estimated in the non-saturated genetic/random model.
DISCUSSION
The results of this population-based pedigree study, performed in a highly endemic region of Kenya, suggest a limited genetic component of risk for S. haematobium infection intensity or for infection-associated kidney or bladder disease in this area. The population-based approach, which allowed for use of extended pedigrees across multiple residence locations, provided estimates of the effects of polygenic hereditary effects as a heritability score (h 2 ) based on a variance component analysis of population data. Here, h 2 reflects the component of trait variance attributable to study subjects' shared degree of kinship. When adjusted for shared household effect, we observed that h 2 accounts for less than 15% in the variation in risk for either heavy infection, hydronephrosis, or bladder abnormality in a five-village region where exposure to S. haematobium infection is common, and is nearly universal in childhood.
Non-random variation in intensity of human schistosome infection has been noted in many parts of the world. The typical endemic population harbors a majority of lightly infected individuals, and a small fraction (5−10%) of people with extremely heavy infections. Infection prevalence and intensity is typically reduced in older age groups, and it has been noted that risk for infection-associated disease is generally correlated with duration and intensity of infection. Variation in infection and disease rates has been theorized to be due to age-related changes in exposure, to acquired immunity, and to age-related innate changes in susceptibility to infection over time, and it is likely that a combination of these factors all serve to regulate transmission and disease risk.
Our understanding of the role of genetic predisposition to helminth infection is beginning to evolve, but its relative importance in regulating infection and disease in different populations remains uncertain. Segregation analysis of family pedigrees in a high-risk village in northeastern Brazil have indicated a major co-dominant gene regulating risk for S. mansoni infection intensity. 7 Subsequent gene linkage studies have localized this gene (Sm1) in chromosome region 5q31−q33, 8 with possible additional effects from genes in the region of chromosomal regions 1p21−q23 and 6p21−q21. 28 Studies in a Senegalese population recently exposed to S. mansoni appear to confirm the significance of the Sm1 gene in that population, thus extending the observations made in Brazil. 10 Of note, a separate large scale population-based pedigree study in Brazil, similar in design to the present study, has estimated the combined genetic influence on variation in S. mansoni infection intensity to be 20−44%. 14 Studies of infectious burden in other helminth diseases, particularly intestinal geohelminths, have varied in their conclusions. Early studies by Chan and others 29 in Malaysia found household aggregation of Ascaris and Trichuris infection and of re-infection intensity, but later noted that the correlation of infection status between related individuals was not greater than for unrelated individuals. 30 They concluded that individual genetic predisposition if any, was likely to be overwhelmed by environmental and behavioral factors shared in family-based households. 30 In contrast, longitudinal studies of Ascaris infection and reinfection in Nepal, using the variance decomposition methods used in the present study, estimated the heritability of Ascaris worm burden to be 44% and of egg count to be 39%. 16 Similar studies looking at hookworm infection in Zimbabwe have estimated the heritable component of Necator infection to be 37%, 15 while studies examining Trichuris infection in Nepal and China have estimated heritability to be 28% in both populations, with a related shared-household effect < 4%. 17 The role of genetic predisposition in the net burden of disease caused by helminth infections has also been an active topic of investigation. Many studies have noted a partial discordance between infection intensity and the associated risk of infection-associated disease, with some lightly infected individuals manifesting severe morbidity. This variation in disease has been found to be based, in part, on variation in individual pro-inflammatory immune responses. 31 Gene linkage studies in a recently exposed population in the Sudan have indicated that polymorphism in the region of chromosome 6q22−q23, called Sm2, is associated with risk for severe hepatic fibrosis due to S. mansoni infection. 11 However subsequent population-based studies have failed to identify any familial concordance of fibrosis risk in S. mansoni infection in central Kenya, 32 raising doubts about the generalizability of the Sudan findings.
While the large pedigrees spread across households and the large range of relationship types within individual households gave us a better ability to assess the relative impact of heredity and common exposure on study outcomes, 17 there are several limitations to the present study. Population size and the extent of the study area prevented us from introducing adjustment for exposure based on water contact, as has been done in some previous studies. 7, 13, 14 Water contact in the present study area takes place in multiple dispersed surface ponds, and both snail infection levels and water use vary extensively from season to season. 3, 33, 34 Previous multivariate analysis of environmental predictors of infection risk in the Msambweni study area have shown the degree and duration of water contact to be much less effective predictors of infection/reinfection than age, gender, and location of residence. 33 It is therefore likely that local variations in risk for infection would have been captured by the age-, sex-, and household adjustments included in the present analysis.
Heritability analysis provides a global assessment of the aggregate contribution of multiple genes to the trait under study. The estimates developed in this study are specific to our study population, and will not necessarily apply elsewhere. 35 In the Wadigo population, which by tradition has been exposed to S. haematobium for many centuries, there are likely many balanced polymorphisms that limit the range of individual susceptibility to infection and disease. By nature of the variance decomposition analysis, populations that are more genetically homogeneous will produce lower estimates of heritability than heterogeneous populations. 35 The trait of kidney hydronephrosis was sufficiently rare that the number of affected concordant relatives was low, which made our estimates of its heritability very uncertain. In addition, the random error term in our analysis is known to include several unspecified genetic components, such as deviations from genetic dominance and genotype-environmental interactions, which are not directly measured or estimated. Also imbedded in this factor is the error variance on parasite egg counts, 15 which, if large, might substantially affect phenotype classification. Overall, our analysis in an extended Coast Province Wadigo population suggests a limited heritable component of risk for infection intensity with S. haematobium in a highly endemic setting. Our estimates are sufficiently low that further pursuit of segregation analysis or specific gene linkage studies appears to be unpromising in this population. Estimates of heritability for bladder disease are higher, 14%, and possibly as high at 35%. This observation is perhaps in accord with recent studies linking risk of S. haematobium-related bladder thickening and deformity to an individual's innate levels of pro-inflammatory (tumor necrosis factor-␣) and antiinflammatory (interleukin-10) cytokine responses to both parasite and non-parasite antigens. 31 In contrast, estimates of the heritability of S. haematobium-associated hydronephrosis are uncertain. Although predisposition to tissue fibrosis could affect risk for this trait, it is likely that a strong element of chance determines the deposition of eggs in tissues and the subsequent localization of granuloma formation, so that predictability of this phenotype is substantially reduced. Our findings are in contrast to smaller studies in Brazil, Senegal, and Sudan that link aspects of S. mansoni infection and disease to specific genetic loci, and it is apparent that further study will be needed to appreciate the full influence of genetic factors in the risk for infection and disease in schistosomiasis. 
